Background: Various surgical techniques to treat posterolateral knee instability have been described. To date, the recommended treatment is an anatomic form of reconstruction in which the 3 key structures of the posterolateral corner (PLC) are addressed: the popliteofibular ligament, the popliteus tendon, and the lateral collateral ligament.
Injuries to the fibular collateral ligament and posterolateral corner are uncommon and are usually associated with other ligamentous injuries, in particular, to the anterior cruciate ligament (ACL) and/or posterior cruciate ligament, leading to significant functional impairment. It is important that reconstructions of posterolateral knee injuries restore joint kinematics and patient function, but residual laxities are often observed. 7 The posterolateral corner (PLC) of the knee is a complex static and dynamic stabilizer composed of 3 structures: the popliteofibular ligament, the popliteal tendon, and the lateral collateral ligament. 21, 26 This periarticular complex has been studied when associated with a posterior cruciate ligament rupture. It is now recognized that the posterolateral structures contribute to stability in varus and external rotation of the knee.
In contrast, isolated injuries of the PLC are relatively rare in clinical practice, and the specific role of each element in the stability of the knee has not been fully evaluated. The combination of PLC injury and ACL lesion is also uncommon. Failure to recognize and treat the PLC injury may result in failure of the ACL reconstruction. 6, 13 The objectives of this study were to evaluate the function of the 3 key components of the PLC stabilizing the knee at different degrees of flexion and to evaluate a modification of the Larson technique described by Schechinger et al. 23 
MATERIALS AND METHODS

Specimen Preparation and Instrumentation
Eight fresh-frozen cadaveric knees (6 male, 2 female), ranging in age from 54 to 68 years (mean, 61.5 ± 6.7 years) were used in this study. No knee had previous intra-articular injury or marked articular degeneration (preoperative radiographic assessment). The knees were thawed 24 hours before the start of manipulation. This cadaveric study was performed in accordance with the protocols and recommendations of the institution. Initial physical examination including varus valgus and anterior-posterior drawer stress testing confirmed the absence of pathologic laxity. For each knee, a medial parapatellar mini-arthrotomy was performed to attach targets to the navigation system.
A posterior lateral approach was used to dissect the 3 structures of the PLC and perform the subsequent reconstruction. The semitendinosus and the gracilis tendons were harvested from the same knee (for ACL reconstruction) and the semitendinosus of the contralateral knee was harvested for the PLC reconstruction.
Surgical Navigation System
We used a navigation system (Surgetics Station Nano; Praxim Medivision) equipped with software for the reconstruction of the ACL (ACL Surgetics Logics Software). This software enabled the acquisition of data on the kinematics of the knee after implementation of rigid bodies and the mapping of anatomic references with a digitizing probe, as previously described. 21 The reference points included for this study were the center of femoral notch, the middle of the transverse meniscal ligament on the anterior tibia, and the center of the medial and lateral tibial plateaus. This system has been shown to be very precise, within 1 or 1 mm. 6, 8, 21 Motion was tracked over a range of 110 of flexion.
Reflective markers were mounted in the proximal femur and distal tibia. Once the markers were placed, surface landmarks on the tibial plateau and distal femur were recorded, intra-articular surface geometry was mapped, and a 3-dimensional model was created. The knee was manually cycled from 0 to 110 of flexion.
Operating Protocol and Testing
We performed a standardized calibration procedure, including the definition of the frontal sagittal and horizontal planes. The intact knee was tested at 0 , 30 , 60 , and 90 of knee flexion, with an applied varus load of 9.8 NÁm. 12, 13 The degree of knee flexion was obtained by the surgical navigation system. The load was manually applied with a tensioner parallel to the joint line 10 cm from the joint. The knee was placed at neutral rotation at the start of testing, and a rotational load was also applied by placement of a 5-NÁm load with a tensiometer perpendicular to the joint line. 9 Varus valgus and rotational displacement were recorded by the navigation system in degrees, and translation of lateral plateau was also recorded in millimeters. Each testing condition was repeated 3 times, and the average of the measurements was recorded. Once the data from the intact knee were obtained, the lateral side of the knee was exposed to isolate the structures of the PLC. The dissection was taken down through the subcutaneous tissues to the iliotibial band (IT), which was divided in line with the fibers to expose the attachments of the lateral collateral ligament (LCL) and popliteus tendon (PT). The distal attachment of the IT band was maintained. The attachments of LCL, PT, and popliteofibular ligament were identified. At each step of the procedure, each of these elements was resected, after which the origins and insertions of these structures were carefully marked on the cadaveric specimens. Care was taken to preserve the posterior cruciate ligament and the posterior capsule.
For each of the 8 knees, 7 successive tests were run:
1. Intact knee (1-intact) 2. Section of the popliteofibular ligament (PFL) (2-woPFL) 3. Section of the PT (3-woPT) 4. Section of the LCL (4-woLCL) 5. Section of the ACL (5-woACL) 6 . ACL reconstruction (6-ACLR) 7. PLC reconstruction At each of the 7 steps and for each of the 8 knees, we evaluated varus-valgus laxities, internal-external rotation, and internal-external rotation when printing varus and valgus. These sequences were repeated at 0 , 30 , and 60 of knee flexion. The translation of the medial tibial plateau and lateral tibial plateau (in millimeters) with the anterior drawer at 30 and 90 ( Figure 1 ) were also evaluated by the navigation system. Maximum mobility (translation of the lateral plateau between external and internal rotation) of the lateral tibial plateau at 30
, 60 , and 90 of flexion was also measured. The measurements were performed by a single operator, and they were repeated 3 times for each step; the average of these 3 measurements was recorded.
ACL Reconstruction. A standard single-bundle ACL reconstruction was performed using the Hamstring tendons. PLC Reconstruction. Reconstruction of PLC was performed according to the Schechinger modification of the Larson technique. 25 We aimed to reconstruct the LCL and the PFL with a semitendinosus tendon tensioned to 30 N, as described by Markolf et al. 13 The mean tendon width was 6 mm (range, 5-7 mm). The technique described by Schechinger consists of a double femoral tunnel and a single oblique fibular tunnel, as described by Bicos and Arciero 2 ( Figures 2 and 3 ). A 6-mm oblique tunnel from anteromedial to posterolateral on the fibula was created with a posterior-anterior and descendant direction parallel to the joint line. We used the tendon of the contralateral semitendinosus. Both ends of the graft were sutured with a No. 2 FiberWire (Arthrex) and pulled through the proximal fibular tunnel. A 6 mmdiameter tunnel was created at the femoral insertion of the LCL. The sutures in the graft were passed through the femoral tunnel to the medial side of the femur. A 6 mmdiameter tunnel was made at the insertion of the PT, and the Kirschner wire was also drilled through the distal medial condyle. The free ends of the semitendinosus were pulled through the femoral tunnels. The graft was tensioned to 30 N with the knee flexed to 30 , as measured by the surgical navigation software. The isometry was tested by moving the knee through a full range of motion. The femoral fixations of the graft were obtained with 2 interference screws (Biosure HA). Graft fixation was achieved with the knee in 30 of flexion and neutral rotation about the tibial axis.
Statistical Analysis
Statistical analysis was performed by a team of independent statisticians (Clinical Investigation Centre). The value used for the statistical analysis was the average of these 3-times-repeated measurements. Variance, Student t tests, and the Friedman test were used to highlight differences between 2 steps. The level of significance was set at P < .05. Data are presented as the mean with 95% CI.
RESULTS
After Section of the Structures of PLC
At 0 (Full Extension). Compared with the intact knee, varus laxity increased significantly only after the section of the LCL. The difference was significant between stages 1 (intact) and 4 (woLCL) (6.42 ± 1.54 ; P < .001), stages 2 (woPFL) and 4 (woLCL) (6.08 ± 1.34 ; P < .001), and between stages 3 (woPT) and 4 (woLCL)(6 ± 1.46 ; P < .001) ( Table 1) .
No significant difference was demonstrated with regard to the isolated external single rotation and external rotation in varus.
After sectioning of the PLC and ACL, there was a significant increase for all degrees of freedom (either controlled or unconstrained). At 30 of Flexion. Varus laxity increased significantly from the isolated PFL section. There was a significant difference between stages 1 and 2 (woPFL) (6.96 ± 0.84 ; P < .001) ( Table 1) . External rotation in varus increased significantly from the isolated PFL section. There was a significant difference between stages 1 (intact) and 2 (woPFL) (7.75 ± 2.01 ; P < .001). On the other side, the increase in external rotation without varus was significant only after the full section of the PLC (8.04 ± 2.13 ; P < .001) between stages 1 and 4 (woLCL) ( Table 1 ). The translation of the lateral tibial plateau in external rotation and maximum mobility of lateral tibial plateau increased significantly from the isolated PFL section. There was a significant difference between stages 1 and 2 (woPFL) (8.29 ± 1.27 mm [P < .001] and 15.08 ± 1.97 mm [P < .001], respectively) ( Table 2) .
After sectioning of the PLC and ACL, we observed a statistical difference with the intact knee for all degrees of freedom (varus, external rotation, external rotation in varus, translation, and mobility of external tibial plateau).
At 60 of Flexion. Varus laxity increased significantly only after complete sectioning of the PLC. There was a significant difference between stages 1 and 4 (woLCL) (9.08 ± 2.13 ; P < .001) ( Table 1) . External rotation also increased significantly from sectioning of the PLC. There was a significant difference between stages 1 and 4 (7.33 ± 1.23 ; P < .001) ( Table 2 ). Translation of the lateral tibial plateau in external rotation and maximum mobility of lateral tibial plateau increased significantly after sectioning of the PFL. There was a significant difference between stages 1 and 2 (woPFL) (7.5 ± 1.26 mm [P < .001] and 13.42 ± 2.56 mm [P < .001], respectively) ( Table 2 ). The increase in external varus rotation was not significant at 60 of flexion (Table 1) . After sectioning of the PLC and ACL, a statistically significant increase in laxity compared with the intact knee for all degrees of freedom was observed (varus, external rotation, external rotation in varus, translation, and mobility of external tibial plateau).
At 90 of Flexion. The translation of the lateral tibial plateau in external rotation and maximum mobility of lateral tibial plateau increased significantly after sectioning the PFL. The difference was significant between stages 1 and 2 (woPFL) (6.58 ± 2.51 mm [P < .001] and 12.79 ± 3.41 mm [P < .001], respectively) ( Table 2 ).
ACL and PLC Reconstruction (Stages 6 and 7)
We compared these 2 stages with intact knee (stage 1).
At 0 (Full Extension). The knee before PLC reconstruction (PLCR) (stage 6) showed no significant difference compared with the intact knee, except with regard to external Table 3 ). The knee after the PLCR (stage 7) did not show any significant difference compared with the intact knee (under any mode of loading). After PLCR (stage 7), the knee was significantly more stable than after ACLR alone (stage 6) for motion under external rotation in varus (-3.5 ± 1.19 ; P < .001) ( Table 3) .
At 30 of Flexion. Before PLCR (ACLR alone), no significant difference was observed compared with the intact knee. After PLCR, it does not present either difference.
At 60 of Flexion. After stage 6 (ACLR without PLCR), a significant increase in displacement of the tibial plateau was observed in external rotation (6.75 ± 1.32 [P < .001] and 10.08 ± 2.68 [P < .001], respectively).
After PLCR (ACLR þ PLCR) (stage 7), no significant difference was observed compared with the intact knee in all degrees of freedom.
At 90 of Flexion. After ACLR (stage 6), the knee was not comparable with the intact knee in all degrees of freedom. We observed an increase of the translation of external tibial plateau in external rotation and maximum mobility of lateral tibial plateau (4.88 ± 2.48 mm [P < .001] and 7.42 ± 2.53 [P < .001], respectively).
After ACLR and PLCR (stage 7), no significant difference with the intact knee was observed in all degrees of freedom (Figures 4 and 5) .
In comparison with ACLR alone (stage 6), PLCR decreased translation significantly (4.21 ± 2.56 mm; P < .001) and external rotation of lateral tibial plateau (À6.58 ± 3.17 ) ( Table 4) . 
DISCUSSION
The purpose of this study was to identify the role of each key structure of the PLC in kinematics of the knee and evaluate a technique used to repair the PLC, as previously described by Schechinger et al 23 and Sidles et al. 25 The great variety of ligamentous injuries that may be associated with posterolateral injury can cause confusion in diagnosis and treatment of posterolateral instability. So for the present biomechanical study, we decided to evaluate combined ACL and PLC tears, which are frequently inadequately treated.
Pearle et al 21 showed that the Praxim navigation system allowed assessment of knee kinematics with an accuracy of 1 mm or 1 . Alam et al 1 showed that another method to evaluate external rotation with clinical manipulation or skin markers was insufficient. In this study, performance bias was minimized by the use of repeated measurements by the same operator. 10, 22 The contributions of each structure to lateral knee laxity have been described previously in the literature. Nielsen and Helmig 17 showed that the LCL and popliteus restore varus and external rotation forces, with the LCL playing a greater role in preventing varus displacement and the popliteus tendon playing a greater role in preventing pathologic external rotation. Similarly, Gollehon et al 4 found that selective sectioning of the PLC (comparing partial to complete PLC sectioning) did not increase posterior translation, but complete transection increased posterior translation considerably. Feeley et al 3 found that disruption of the PLC resulted in an increase in varus rotation at all flexion angles, with a peak varus rotation at 30 . Gollehon et al 4 found that combined sectioning of the PLC resulted in a peak varus rotation at 30 . Our study showed that in extension, the section of the LCL after sectioning of the PFL or PT increases the varus laxity but not the isolated section of the PFL and section of the PT. Also, the primary restraint to varus laxity in varus extension was the LCL.
At 30 of flexion, the isolated section of the PFL increased external rotation in varus and the mobility of the lateral tibial plateau, and at 60 of flexion, the entire section of PLC increased varus laxity and external rotation. At 90 of flexion, isolated sectioning of the PFL increased the mobility of the lateral tibial plateau.
The present study, similar to that by Lasmar et al, 10 found that the LCL was a varus stabilizer in extension and all degrees of flexion. In contrast, we found that the popliteofibular complex (PFL and PT) also independently stabilized varus at 30 of flexion. Shahane et al 24 found that the role of the PFL in varus was maximized at 60 . No study has found that the popliteofibular ligament complex (PFL and PT) plays a static role in extension, which we also found in our study. 10, 24 These studies also highlighted the importance of PFL in the control of external rotation at 30 and 60 of flexion. For Pasque et al, 20 the PFL had no role in stabilizing external rotation. But the results of this study indicate that the PFL has a specific role in the control of external rotation, especially at 30 . Sugita and Amis, 26 Gollehon et al, 4 and Veltri et al 28 found that the PFL was the dominant anatomic structure in the control of external rotation from 30 to 90 of flexion. We also found that the mobility of the lateral tibial plateau increased with sectioning of the PLC, as did Pearle et al 21 and Sugita and Amis. 26 In our study, increased external rotation occurred after sectioning of the PFL, even if the PT and LCL were still intact.
Although McCarthy et al 15 demonstrated the stabilizing role of the popliteal muscle-tendon unit, a recent study using a navigation system 27 questioned whether the popliteus tendon acts as a static stabilizer. In our study, we showed that the popliteal muscle-tendon unit was a static stabilizer of the lateral tibial plateau when coupled with the PFL. So the combined popliteofibular complex (PT þ PFL) acts as a stabilizer when the entire complex is intact.
Regarding the reconstruction of the PLC, the technique used is derived from the Schechinger modification of the Larson technique. 23 It is technically reproducible and much less invasive than 2 other anatomic reconstruction techniques. 11, 18 Results on the kinematics of the knee are comparable with those of anatomic reconstructions clinically 23, 29 and experimentally. 22, 29 This double-femoral tunnel reconstruction technique is based on the goal of a fibular-based, single-graft reconstruction that replicates the LCL and popliteus anatomy as it relates to the distal femur. This technique was tested in a biomechanical study by Nau et al, 16 who found that it restored varus and external rotation laxity at 30 and 90 of flexion. Our study found similar results. The double-femoral tunnel reconstruction of the PLC restored varus laxity at all flexion angles to that of the normal knee. 
